replacement in patients with the most severe disease. A better understanding of the natural history of this disease may play a critical role in identifying novel effective therapies.
There is substantial evidence for crosstalk between cartilage and subchondral bone at a molecular level (3, 4) . Although OA is often characterized as a disorder of articular cartilage, the presence of malalignment and changes in periarticular bone are prominent among the protean pathophysiologic manifestations of knee OA. Furthermore, biomechanical studies have shown that much of the load dispersion across a knee occurs within the periarticular bone as compared to the hyaline cartilage (up to 50% compared with only~3%) (5) . Static alignment influences load distribution in the knee joint and is predictive of disease progression in the compartment in which the load is increased (6, 7) .
Measures of periarticular bone in OA can be obtained using dual x-ray absorptiometry (DXA) of periarticular bone mineral density (paBMD) and magnetic resonance imaging (MRI)-based trabecular morphometry (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . These measures are also strongly associated with the presence of knee OA. Knee OA is associated with higher DXA-measured tibial paBMD, bone volume fraction (BVF), trabecular number (TbN), and trabecular thickness (TbTh) but lower trabecular spacing (TbSp) (12) (13) (14) 17, 21) .
Because static alignment affects load distribution and is a potent predictor of knee OA progression and aberrations in periarticular bone are prominent in knee OA, we hypothesized that static alignment is associated with periarticular bone measured by DXA (paBMD) and MRI (trabecular BVF, TbN, TbTh, and TbSp). Furthermore, we expected this relationship to be present in persons with and those without radiographic evidence of knee OA, because we anticipated that static alignment influences periarticular bone changes antedating the development of radiographic OA. To address this question, we performed a knee-based cross-sectional study of participants in the Osteoarthritis Initiative (OAI) for whom periarticular bone and static alignment measures were available.
PATIENTS AND METHODS
Overall study design. This was a knee-based crosssectional study nested within 2 studies ancillary to the OAI, including only members of the progression subcohort who had static alignment measures in addition to DXA measures of paBMD and MRI-assessed trabecular morphometry.
Parent study design. The OAI is a multicenter observational study focused on identifying biomarkers of knee OA (22) . Four clinical centers participated in this study: the University of Maryland School of Medicine, Ohio State University, University of Pittsburgh, and Memorial Hospital of Rhode Island. The coordinating center was the University of California San Francisco. Both male and female OAI participants were included; subjects were ages 45-79 years and were from all ethnic groups. The progression subcohort included those with at least one knee with symptomatic tibiofemoral OA in a native knee joint.
Because the OAI was designed to address multiple scientific questions, standard knee radiographs were obtained annually as part of the parent study. Static alignment and periarticular bone measures were not part of the original protocol and were not obtained for all participants at the same visits. Long-limb films, funded by one ancillary study, were used to measure mechanical alignment and were obtained mostly at the 12-month visit (86%). However, if time did not permit, these films were obtained at the subsequent 24-month or 36-month visit. In a separate ancillary study, knee DXA scans and trabecular MRIs were obtained only from participants in the OAI progression subcohort who were seen from August 8, 2007 to April 3, 2009 , attending their 30-month or 36-month visit and willing to have additional knee DXA and trabecular MRI sequences. Subjects with contraindications to MRI and/or bilateral knee replacements at the time of the OAI 30-month or 36-month visit were excluded. Those who had knee DXA scans and trabecular knee MRIs at their 30-month or 36-month visit additionally had 48-month follow-up examinations with knee DXA scans and MRIs.
To align the time points at which data were evaluated, only participants with OAI 48-month visit data, including knee DXA, trabecular morphometry, and standard radiography, were included in these analyses. Additionally, at least one measure of mechanical alignment obtained from long-limb films at any time point was also required.
Standing long-limb films. The gold standard for evaluating static alignment is measurement of the hip-knee-ankle (HKA) angle on standing long-limb films. These films included the hip and tibiotalar joints. Participants were instructed to stand with the tibial tubercle facing forward. The distance between the x-ray beam and the participant was 2.4 meters. Settings of 100-300 mA/second and 80-90 kilovolts were used to optimize the film for limb size and tissue characteristics. These films were taken of bilateral lower extremities. HKA measurements represent the angle at the intersection of 2 lines: the line connecting the femoral head and intercondylar notch centers, and the line connecting the ankle talar surface center and the tibial interspinous sulcus base. We used publicly released centralized readings, supervised by Dr. Derek Cooke (OAISYS, Inc., Tempe, Arizona). Interreader reproducibility was high (intraclass correlation coefficient [ICC] 0.99) (23) . By convention, negative values represented varus alignment, and positive values represented valgus alignment (23) .
Knee radiographs. Weight-bearing, bilateral, fixedflexion, posteroanterior radiographs of the knees were obtained at the OAI 48-month visit. These images were measured for anatomic axis alignment, the femorotibial angle (FTA), using proprietary software, supervised by Dr. Jeff Duryea; these measures were downloaded from a publicly released data set (24) . Based on recommendations by Iranpour-Boroujeni et al, we applied a sex-specific adjustment to the FTA to more closely reflect the HKA angle (24) . Additionally, these images were centrally scored for overall radiographic severity using Kellgren/Lawrence (K/L) grades (range 0-4) (25) and medial joint space narrowing grades (range 0-3) using the Osteoarthritis Research Society International atlas (26) , readings that were funded by the parent OAI study and publicly released. The reliability of these readings (read-reread) was good (weighted kappa value [intrarater reliability] 0.70-0.78) (27) .
MRI acquisition. A Siemens 3T Trio MRI scanner was used at the OAI 48-month visit to acquire trabecular sequences in one knee (the right knee), unless there was a contraindication; this decision was made based on convenience for the participants in the parent study. For these sequences, the parameters were as follows: oblique coronal 3-dimensional fast imaging with steady-state precession, 72 slices, 1-mm slice thickness, with in-plane spatial resolution of 0.23 mm 9 0.23 mm, 12-cm field of view, a 512 9 512 matrix, an echo time of 4.92 msec (fat/ water in-phase), repetition time of 20 msec, flip angle of 50°( phase right-left), and no partial Fourier transformation option (28) .
Measurement of trabecular morphometry with MRI. Full details for measuring trabecular morphometry using proprietary software have been published previously (28) (29) (30) . One reader analyzed all of the images. A standardized signal intensity threshold was applied to create a bone mask. A signal threshold was selected after application of 20 0.7-mm-diameter circular regions of interest (ROIs) in the cortical bone of the medial and lateral femoral condyles. A rectangular ROI was then placed on 20 consecutive coronal slices, central to the medial tibia. The standardized rectangular ROI had a height of 3.75 mm and a width of 14-17 mm, varying with the size of the tibial plateau. The ROI was placed adjacent to the articular cartilage ( Figure 1A ). The 20 ROIs were then analyzed, providing measurements of apparent BVF (aBVF), apparent TbTh (aTbTh), apparent TbN (aTbN), and apparent TbSp (aTbSp). The aBVF (apparent bone volume/total volume) was calculated as the percentage of pixels comprising the void in the bone signal over the total number of pixels in the ROI. Apparent TbTh was calculated by obtaining the mean of the intercept length of all angles through a given image, in millimeters. DXA acquisition. At the OAI 48-month visit, bilateral knee imaging was performed unless contraindicated. Each of the 4 clinical sites had identical DXA scanners (GE Lunar Prodigy Advance scanner). Details about obtaining the tibial DXA scans have been published previously (13) . Briefly, the lower extremity was placed with the tibia perpendicular to the x-ray beam in a neutral position and with the knee slightly flexed, using knee and foot positioners.
DXA analysis. Full details of the tibial plateau paBMD measurements have been published previously (13) . The tibial ROIs had a height of 10 mm, and the width of the medial and lateral ROIs each were half the width of the tibial plateau ( Figure 1B ). The superior portion of the rectangle was aligned parallel to the superior aspect of the medial joint surface of the tibia. We calculated the medial:lateral paBMD by dividing the medial tibial paBMD by the lateral measure. In a subset of 10 persons, the scan-rescan ICC was 0.997 (95% CI 0.992, 0.999) (31) .
Clinical variables collected. Date of birth and date of the 48-month visit were used to calculate the ages of the participants. Body mass index (BMI) was calculated using body weight at the 48-month visit and height at the 36-month visit, the closest time point to the 48-month visit that height was measured. All publicly available data were accessed from the OAI web site (http://oai.epi-ucsf.org/datarelease/).
Statistical analysis. Because trabecular morphometry MRIs were obtained for only one knee (usually the right knee), only one knee per participant was included in all analyses. Furthermore, only knees with concordant standard radiographs and DXA at the 48-month visit were included. Because measurement of the HKA angle was funded to be obtained only once during the OAI, and because that measure was obtained at different time points for different participants, measurements of the HKA angle from any time point were included. We used Pearson's correlations to evaluate associations between the HKA angle and knee trabecular morphometry measures and knee paBMD. We also performed correlations of the HKA angle with age and BMI, because these are traditional risk factors for OA (32) . We performed stratified analyses based on radiographic OA status (K/L grade ≥2). Additionally, we stratified analyses based on sex.
Although the HKA angle, or mechanical alignment, is the gold standard for assessing static alignment, these measures were not obtained at the OAI 48-month visit, when all of the periarticular bone measures were available. Instead, the FTA, or anatomic alignment, which is closely associated with the HKA angle, was available at the OAI 48-month visit. Therefore, we performed sensitivity analyses using the adjusted FTA measures instead of the HKA angle.
To evaluate the contribution of variability in the HKA angle by various combinations of the periarticular bone measures, we assessed the square of the correlation coefficient (R 2 ) in linear regression models. Figure 2 , with an a priori plan to enroll 600 participants in the study, the Bone Ancillary Study recruited 629 of the 1,390 participants in the progression subcohort. Of these 629 participants, 503 had sufficient-quality knee DXAs and trabecular MRIs that could be read at the OAI 48-month visit. Of those participants, 451 had HKA readings at any of the time points. Among those participants, 436 had plain radiographs that were read for FTA at the OAI 48-month visit, which was our final sample.
RESULTS

As shown in
The demographic features of the participants are shown in Table 1 (see also Supplementary Table A , available on the Arthritis & Rheumatology web site at http:// onlinelibrary.wiley.com/doi/10.1002/art.40325/abstract). The mean AE SD age of the 436 included participants (420 right knees and 16 left knees) was 65.4 AE 9.2 years, 46% were female, and the mean AE SD BMI was 29.6 AE 4.6 kg/m 2 . The characteristics of subjects who were in the progression subcohort (n = 954) but were not included in this study were similar, except the percentage of female subjects was higher (57%), and 32% of the subjects (306 of 954) had missing radiographs at the 48-month visit. Negative HKA values represented varus alignment, and positive values represented valgus alignment. The correlation between the OAI 48-month visit adjusted FTA measures and the OAI 12-36-month visit HKA measures was 0.70 (95% CI 0.65, 0.7). The HKA angle was associated with sex; men had a lower mean HKA compared with women (-2.3 versus À0.2; P < 0.0001), which is consistent with more varus alignment. The HKA angle was not associated with age or BMI. 
RELATIONSHIP BETWEEN KNEE ALIGNMENT AND PERIARTICULAR BONE MORPHOLOGY AND DENSITY
The correlation coefficient for the relationship between HKA and medial:lateral paBMD, the only periarticular bone measure that was a ratio, was larger than that for any other bone measure (Table 2) . Subjects with a more varus alignment had a higher medial: lateral paBMD, aBVF, aTbN, and aTbTh and a lower aTbSp. Sensitivity analysis using adjusted FTA values from the OAI 48-month follow-up visit yielded similar findings, except that the point estimates were slightly greater in magnitude (see Supplementary Table B, available on In subjects with and those without radiographic OA, medial:lateral paBMD was associated with mechanical alignment, but the strength of the association was greater in those with radiographic OA (Table 2) . Similarly, all of the absolute measures of bone had a significant association with mechanical alignment in subjects with radiographic OA, but these correlations were substantially attenuated in those without radiographic OA ( Table 2) . As with the whole group (those with and those without radiographic OA), male subjects tended to have a more varus alignment (-2.6 versus -0.7 [P < 0.0001] and -1.7 versus -0.4 [P < 0.01], respectively).
In the sex-specific analyses, there were slightly more men than women, but the correlation coefficients for the relationship between periarticular bone and mechanical alignment were similar, and all correlation coefficients except aTbTh thickness in women were statistically significant (Table 3 ). In both men and women, age and BMI were not significantly associated with mechanical alignment. Similar to what was seen in the analysis for the whole group (Table 2) , when stratified by radiographic OA status (Table 3) , the medial:lateral paBMD was associated with HKA angle in those without radiographic OA, but much more so in those with radiographic OA. Additionally, the absolute measures of periarticular bone were associated with HKA only in those with radiographic OA. Table 4 shows the contribution of periarticular bone measures to the variation in the HKA angle. The medial:lateral paBMD accounted for 40% of the variation in the HKA angle in the whole cohort. When restricting the analyses to only those knees with radiographic OA, medial:lateral paBMD accounted for 47% of variation in the HKA angle. However, when limiting the analyses to those knees without radiographic OA, it accounted for only 11% of variation in the HKA angle. For all of these analyses, the addition of all the absolute measures of periarticular bone, including medial paBMD, aBVF, aTbN, aTbTh, and aTbSp only marginally increased the percentage of variation in the HKA angle that could be explained. The absolute value for medial paBMD accounted for only 12% of variability in the HKA angle in the whole sample, 16% in subjects with radiographic OA, and 0% in those without radiographic OA. All 4 trabecular morphometry measures combined performed worse than the medial paBMD alone. When paBMD was combined with the 4 trabecular morphometry measures, the additional variability in the HKA angle was only marginally improved over that using paBMD alone.
DISCUSSION
This study confirms a relationship between knee joint alignment and structural measures of the subchondral bone. This relationship was strongest for medial: lateral paBMD and static alignment. This association was present in individuals with and those without radiographic OA but was more pronounced in those with OA. Additionally, we observed that absolute measures of periarticular bone, including medial paBMD, aBVF, RELATIONSHIP BETWEEN KNEE ALIGNMENT AND PERIARTICULAR BONE MORPHOLOGY AND DENSITYaTbN, aTbTh, and aTbSp, were associated with static alignment, but this was generally present only in those with radiographic OA. Finally, little additional variation in the HKA angle is explained by the addition of absolute measures of periarticular bone after the ratio of medial:lateral paBMD is included as an independent variable. These observations persisted in analyses restricted by sex.
The relationship between static alignment and medial:lateral paBMD has previously been reported in 2 smaller studies of fewer than 100 subjects. In those studies, participants were preselected to have medial tibiofemoral knee OA; the observed correlations were 0.44 and 0.53, respectively (15, 17) , which are similar to the correlation observed in our study (0.63). Important differences between prior studies and the current study include the fact that our study sample was larger (>400 participants were evaluated), the locations of the ROIs we used on the DXA scanner were more proximal, we included both knees with and those without OA, and we did not preselect for those with medial tibiofemoral OA. Additionally, neither of the prior studies had measures of trabecular morphometry or included additional analyses focusing on the subgroups of those without OA, men only, or women only.
The observations from our study provide potentially important insights into the natural history of knee OA. We had anticipated that periarticular bone measures would be associated with static alignment in individuals with and those without knee OA. The one bone measure that performed in this manner was the medial:lateral paBMD ratio, a relative measure of periarticular bone that compares the medial compartment with the lateral compartment. This finding supports the idea that static alignment is associated with relative loading in the medial and lateral compartments, even in a pre-OA setting. Because of the cross-sectional design of our study, we cannot assign directionality of causation. It is possible that changes in periarticular bone could predispose to the development of static alignment. Perhaps trauma to the bone, which causes an increase in BMD, might lead to changes in static alignment. However, it is our conjecture that it is more likely that static alignment dictates periarticular bone measures, where changes in static alignment then cause damage to periarticular bone.
A finding that was somewhat surprising was that the absolute measures of periarticular bone were associated with static alignment primarily in those knees with OA and not in those without OA. This may indicate that the absolute measures of periarticular bone are identifying a construct that is present in the periarticular bone, only as OA develops or after the development of OA. For example, in a prior study, we observed that in regions where bone marrow lesions are visualized on T2-weighted, fat-suppressed images, there is a higher aBVF, aTbN, and aTbTh, and lower aTbSp (33) , similar to the pattern seen with increased varus alignment. Thus, there may be bone marrow lesions in the regions of bone indicated by higher absolute measures of periarticular bone. An alternative explanation could be that the changes observed in the periarticular bone are a consequence of bone attempting to remodel and repair after incurring damage.
A prior study showed that medial:lateral paBMD is associated with subchondral sclerosis (10), which usually is a feature of more severe OA, occurring in the region where tibial paBMD is assessed. We observed that in knees without OA, only 11% of the variability of static alignment is explained by the medial:lateral paBMD ratio, while in knees with OA, 47% of the variability of static alignment is explained by the medial:lateral paBMD ratio. The association between static alignment and medial:lateral paBMD is stronger in persons with OA, perhaps because in the situation in which OA exists, the relative measure of medial:lateral paBMD is increased for 2 reasons: 1) physiologic relative changes and 2), pathologic changes. The physiologic relative changes in periarticular bone may occur because of loading differences in the medial and lateral tibiofemoral compartments because of The medial-to-lateral ratio of paBMD is a relative measure of periarticular bone that allows for an internal control within the knee. We were able to create this ratio only for paBMD because we did not have measurements for periarticular trabecular morphometry in the lateral compartment due to financial constraints. If we did have trabecular morphometry measures in the lateral compartment, we suspect they would perform similarly to paBMD, as a higher absolute paBMD is associated with greater tibial aBVF, aTbN, tibial aTbTh, and lower tibial aTbSp (32) . In future studies of trabecular morphometry, ratios of the measures that would also allow for internal controls may also prove to be more powerful than the absolute measures, as is the case with DXA-assessed paBMD (Table 4) . A greater understanding of the relationship between static alignment and periarticular bone changes could have important implications regarding treatment targets in knee OA.
In the current study, DXA-assessed paBMD performed similarly to the trabecular morphometry measures, but it is much easier to acquire and measure DXA-assessed trabecular morphometry compared with MRI-assessed trabecular morphometry. Additionally, DXA scanners are almost ubiquitous in a clinical setting because they are widely used to assess for osteoporosis. Therefore, there is an opportunity to consider its use to measure paBMD as an early biomarker for OA. However, in order to understand paBMD in OA, it is critical to understand that DXAassessed paBMD is a measure of apparent density, not material density.
Apparent density is bone mass/total volume of bone (includes volume occupied by bone marrow), whereas material density is bone mass/bone volume (excludes volume occupied by bone marrow) (33) . Based on histologic finding, OA bone has a lower material bone density but a higher apparent density compared with non-OA periarticular bone (34) . Although it might seem intuitive to expect that material density would be more informative than apparent density in OA, because it provides a more precise measure of bone mineralization, in OA, apparent density is associated with bone stiffness, whereas material density is not (34) . Stiffness is a measure of resistance offered by a body against deformation, or a measure of the amount of force required to cause a displacement in the direction of the force applied. Bone that is stiffer is less able to absorb energy in the setting of mechanical impact. In OA, persons with a higher apparent density have greater periarticular bone stiffness, meaning that bone with higher paBMD requires more force to compress a given amount than bone with lower paBMD. Perhaps the pathologic changes detectable with trabecular morphometry contribute to a higher paBMD and confer greater stiffness to bone.
Existing evidence supports the possibility that modifying static alignment can influence periarticular bone. In a study by Akamatsu et al, a group of participants with medial knee OA (n = 20) identified for high tibial osteotomy, an extreme method of modifying static alignment, had their periarticular bone density assessed prior to the surgical intervention and subsequent to the procedure (12) . The medial:lateral paBMD ratios were high preoperatively and decreased postoperatively, suggesting that an effort to alter static alignment might confer changes in periarticular bone, although we must point out that there was no comparator arm in this study. Additionally, less-extreme interventions may also modify static alignment, such as knee bracing. In a study by Katsuragawa et al, all participants (n = 14) had a knee with varus alignment, upon which a valgus brace was applied; after 3 months of follow-up, the braced knees had statistically significant improvement in the tibial paBMD ratio, which was not seen in the unbraced knees (35) . However, similar to the study by Akamatsu et al, the current study was small and had no comparator arm. Larger randomized controlled studies of tibial osteotomy and knee bracing are needed to confirm whether these interventions targeting static alignment can modify paBMD.
The current study has several limitations. First, MRI provides only indirect measurements of the parameters of bone morphology. Only direct histology, which requires a bone biopsy and is difficult to acquire in subjects with milder disease and those without disease, would allow direct periarticular bone measurements; however, in the absence of such information, surrogate measures must be used to extrapolate measurements such as TbTh and TbSp. An additional limitation of this study is that the HKA angle, the gold standard for assessment of static alignment, and periarticular bone measures were generally not assessed at the same visit, because inclusion of the HKA angle and trabecular morphometry measures were funded by separate ancillary projects to the OAI and were included when convenient, taking into consideration the entire study schedule. To address this limitation, we performed sensitivity analyses using adjusted FTA measures that were all contemporaneous with the periarticular bone measures instead of the HKA angle and observed results (see Supplementary Table B , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wi ley.com/doi/10.1002/art.40325/abstract) similar to those in the main study using the HKA angle (Table 2 ). An additional limitation is that a longitudinal study would be needed to assess causation in the relationship between static alignment and periarticular bone abnormalities. Because the HKA angle was determined at only one time point in our study, we were unable to test this relationship.
In summary, static knee alignment is associated with relative paBMD, as measured by DXA, in individuals with and those without OA. Absolute measures of periarticular bone are associated with static alignment only in individuals with OA. The variation in static alignment explained by trabecular morphometry is mostly captured with the relative paBMD measure. Understanding the underlying pathophysiology driving the aberrations in trabecular morphometry could provide important insights into identifying new targets for OA therapies, some of which may be biomechanically based. Longitudinal studies are needed to elucidate whether biomechanical changes may alter periarticular bone in knee OA and ultimately prevent, slow, and maybe even reverse the progression of OA. Additionally, our findings indicate the potential utility of DXA and MRI-based measures to evaluate the effects of biomechanical or bone-targeted interventions in knee OA.
